This paper describes an extended theory of the displacement of the objective speckle pattern resulting from displacement and/or deformation of a coherently illuminated diffuse object where the influence of the surface shape is included via the linear surface gradients. An experimental system capable of measuring the translational scaling factors, the ratios of speckle shift to object translations, to an accuracy of ± 0.02 and a repeatability of approximately ± 0.008 is described which was used to experimentally measure the speckle shift for a range of detector positions and surface gradients. The original expressions developed by Yamaguchi 1 and the new extended expressions 2 are then compared with experimental results for measurements on zero surface gradients, i.e. the mean surface lying in the x-y plane. The divergence of Yamaguchi's expressions from experimental results for off-axis detector positions that was first observed by Světlík 3 was confirmed, and the new expressions shown to successfully predict translational scaling factors for off-axis positions. The new expressions are then compared to the experimental results for a range of surface gradient magnitudes and directions, as well as detector positions both on and off-axis, and shown to successfully predict the observed speckle shift.
INTRODUCTION
In many areas of non-contact optical measurement the properties of laser speckle are of great interest in particular in the measurement technique termed laser speckle pattern correlation 1 where the deformation of an illuminated object is related to the translation and de-correlation of its observed speckle pattern. The method was first described in the 1980's by Yamaguchi 1 , who applied it to the measurement of object translation, rotation and strain [4] [5] [6] and surface roughness 7 . More recently, there has been renewed interest in the technique with researchers investigating new applications in industry, including vibration 8 , surface slope and topology measurements 9 and robotic vehicle odometry 10, 11 . In many of these applications knowledge of how the illuminated surface shape affects the observed speckle translation is of fundamental importance. For example, in robotic vehicle velocimetry systems a shaped surface has been observed to cause significant errors in the measured velocities (see section 2). The expressions for the speckle shift that have been previously presented 1, 3, 12, 13 have not addressed the cases of shaped or sloped objects, apart from cylindrical surfaces 5 , although Yamaguchi 14 has also recently applied computer simulations in an attempt to model the speckle displacement from curved surfaces. This paper first presents results demonstrating the effect that surface shape can have in objective speckle correlation measurements using example data from a speckle velocimeter 11 . Then new extended expressions 2 with the surface shape included by means of the linear surface gradients are presented and the results of this extended theory compared to experimental measurements of the translational scaling factors (the ratios of speckle shift to object translations) for a variety of detector/source configurations and surface gradients.
OBSERVATION OF THE EFFECT OF SURFACE SHAPE IN SPECKLE VELOCIMETRY
From our recent work in applying speckle correlation to the velocimetry of space exploration rovers 10, 11 it became apparent that the surface shape is an important source of errors, which in the case of a rover cannot be corrected as the surface terrain is unknown. For example Figure 1 shows the influence of the surface tomography on the velocity signal measured when a linear translation stage is used to translate an objective speckle velocimeter 11 across a range of surfaces at a constant speed of 50mm/s. Figure 1 (a) shows measurements made on smooth laboratory vinyl floor surface and a sandy surface strewn with small rocks (~10-50mm in dimension), here the fluctuations about the translation mean stage speed can be seen, with the standard deviation increasing from 2.1mm/s to 2.6mm/s, although the signal is dominated by The intensity Table 1 . Notation used in derivation of expressions relating the deformation and translation of a shaped surface to the shift in the speckle pattern. ( )
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An expression for the speckle shift resulting from a small object translation/deformation is then found from the crosscorrelation function of the scattering intensities ( )
I D at instances before and after the deformation which can be written as:
However, only the second term in (2) 
, -D n n L R D a R before and after the deformation can be approximated by: 
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Taylor series expansions, about R = 0 and ignoring terms higher than first order, are then used to expand the 
By examining this equation it can be seen that the cross-correlation will be a maximum where the exponential term is zero, hence:
Which can be solved to give:
Finally the x δ δ ⋅ p a and 
When the surface shape is approximated by its linear surface gradients, , 
Substituting these into equation (7) are rearranging to a matrix form similar to that used by Světlík 3 for compactness gives the final expressions: 
EXPERIMENTAL MEASUREMENT OF SPEC KLE SCALING COEFFIECENTS Experimental setup
To experimentally test the above relations, an experimental system was constructed using an aluminum profile support structure above a test object mounted on a translation stage (Physik Instrumente M-110.1DG linear translation stage with a quoted unidirectional repeatability of 0.1µm) positioned in the xy-plane at z = 0mm. The three-dimensional support structure allowed the positions of the laser source and camera to be varied over a wide range of geometries (~ ± 80mm in x,y and up to 400mm in z) that are typical of practical applications of the speckle correlation method such as speckle velocimetry 10, 11 . The test objects used were custom 3D printed ramps with gradients of 0.0 (flat), 0.2, 0.4, 0.6, 0.8 and 1.0 (45° slope) as shown in Figure 3 . The ramps were constructed with an octagonal cross-section allowing the gradients to be rotated in 45° increments to vary both components of the surface gradient in a controlled manner. The quoted precision of the 3D printing process was ± 0.1mm over a ramp dimension of 30mm giving a precision of the gradients of ± 0.003. The camera was a Baumer HXC-13 CMOS camera with 14x14µm pixels with a laser line filter located in front of the camera sensor to block background light and ensure high contrast speckle images. The laser source used was a diode-pumped solid state (DPSS) laser module producing approximately 30mW at 532nm. The collimated output of the laser was expanded onto the surface of the test object using an f = 45mm lens to produce a speckle size of around 5 pixels on the camera. 
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CONCLUSIONS
The observation of a dependence on the speckle shift to surface shape has been shown to lead to significant errors in the application of the speckle correlation method in speckle velocimetry and is likely to be fundamental importance in other applications. Expressions relating the observed objective speckle shift to the deformation of the illuminated object have been presented and verified experimentally for shaped surfaces approximated by the linear surface gradients. The original expressions developed by Yamaguchi 1 and the new extended expressions are then compared with experimental results for measurements on zero surface gradients, i.e. the mean surface lying in the x-y plane. The divergence of Yamaguchi's expressions from experimental results for off-axis detector positions that was first observed by Světlík 3 was confirmed, and the new expressions shown to successfully predict translational scaling factors for off-axis positions. These new expressions are then compared to the experimental results for a range of surface gradient magnitudes and directions, as well as detector positions, both on and off-axis, and shown to successfully predict the observed speckle shift. This knowledge of how the speckle shift varies will be of great use for future improvements to speckle velocimetry, to reduce the sensitivity to the unknown surface gradient, and in the application of laser speckle correlation for industrial metrology on shaped objects to ensure high positional accuracy.
